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Abstract

The terrestrial water balance over North America, with special emphasis on the Great

Plains, is analyzed. The dependence of Great Plains summer precipitation variability on US spring

soil moisture is also assessed.  Emphasis is made in contrasting model outputs from NCAR’s

CAM3.0 AMIP-like ensemble mean simulation, the hydrological model VIC and the multi-model

mean from GSWP-2 against global reanalyses NCEP/NCAR, ERA-40, the newest Japanese

reanalysis, JRA-25, and regional reanalysis NARR, the target data set. The University of New

Hampshire/Global Runoff Data Centre (UNH/GRDC) observationally constrained runoff is used as

reference too, and as a way to diagnose evaporation from NARR.

Models and reanalyses produce similar results in reproducing the spatial features and

annual cycle of precipitation minus evaporation (P-E) along the Pacific northwest, however, large

differences exist over central and southeastern US. All products agree in that there is not long-term

change in surface water storage (S) but there are substantial differences in runoff (R) over

southeastern US when it is compared to the UNH/GRDC data set: runoff is absent in CAM3.0, and

ERA-40; it is small in NCEP/NCAR and even smaller in NARR, but it is comparable in JRA-25, VIC,

and GSWP-2, although the structure in JRA-25 is too broad. The underestimation of annual runoff

in NARR implies that P - E is underestimated and E is larger than needed for a closer water

balance; winter and summer means indicate that P - E is largely balanced by S.

Over the Great Plains NARR and VIC are the products that best close the terrestrial water

balance but NARR has larger seasonal imbalances than VIC due to runoff and evaporation errors.

The new global reanalysis JRA-25 has large errors in portraying the terrestrial branch of the water

cycle that are related to little seasonal variability in P-E and R, but large seasonal variability in S.

The authors’ contention on the limited role played by local land-atmosphere interactions in

generating precipitation variability in nature but not in some climate models is supported by the

significant correlations between Great Pains July precipitation anomalies with regional spring soil

moisture anomalies in CAM3.0 but not in NARR or VIC. 
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1. Introduction

Comprehension of seasonal-to-interannual variability of our current hydroclimate is

paramount for our water-dependent societies. Discerning changes to the water cycle under climate

change scenarios at regional scales are complicated by both  the lack of consistent and

homogeneous hydroclimate data (e.g., evaporation, soil moisture, runoff) and by our own inability

to correctly simulate the main mechanisms involved in precipitation variability; obviously, the lack

of data also complicates the assessment of the models. Because having coherent data sets is of

primary importance to study the water cycle, one has to turn into model-derived data sets as those

produced by reanalyses, hydrological models, and land-surface-atmosphere coupled models.

The lack of routinely observed data of terrestrial water cycle fields at continental scales

usually restricts the analysis and assessment of reanalyses and model simulations to river basins

like the Mississippi (e.g., Maurer et al. 2001; Betts et al. 2003) or sub-grid rich observed data

regions like the Illinois State Water Survey field sites (e.g., Schaake et al. 2004; Mitchell et al.

2004; Fan et al. 2006; Onogi et al. 2007). In view of the importance of the terrestrial water cycle

fields for climate studies, the Global Energy and Water Cycle (GEWEX) program has lead efforts

to produce large-scale products of soil moisture, runoff, surface fluxes, etc. via offline uncoupled

land-surface-atmosphere models.

Understanding the annual and seasonal water cycle as well as its interannual variability  at

regional-to-continental scales require the ability to simulate local land-atmosphere interactions as

well as interactions with remote water sources. One approach toward the analysis of the terrestrial

water cycle is to use offline macroscale hydrological models, forced at the surface with observed

variables, such as precipitation and temperature. Clearly, these models only provide the terrestrial

part of the water cycle with no interaction with the atmospheric component. Other path to a better

understanding is to use inline coupled land-atmosphere models, forced by observed sea surface

temperatures; by design, the closing of the atmosphere and terrestrial water balances are ensured.

In these other models although local land-surface-atmosphere interactions exist as well as
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interactions with remote water sources, their relative contributions are model dependent and there

are not observational constrains in the simulations. A similar approach to the land-atmosphere

coupled modeling is given by the re-analysis of historical data; in this case, observational

constraints are imposed on numerical weather forecast models via the assimilation of mostly

atmospheric observations.

It is clear that there are some tradeoffs when working with reanalyses and model

simulations. For instance, water budgets cannot be closed in reanalyses because the so called

“analysis increments” that change the total water of the atmospheric column. On the other hand,

although climate models close the water budget, tend to do it in different ways due to errors in their

physical processes. Along these lines, the authors’ previous works on seasonal-to-interannual

hydroclimate variability over North America, for instance, draw the following issues relevant to the

atmospheric water balance over the Great Plains (Ruiz-Barradas and Nigam 2005, 2006; Nigam

and Ruiz-Barradas 2006): 1) The North American Regional Reanalysis (NARR) is the best

reanalysis product in depicting seasonal-to-interannual variability; 2) climatological evaporation is

larger than needed for a closing of the water budget over the Great Plains region in NARR; 3)

reanalyses indicate that interannual variability of summer precipitation is in large part due to

convergent moisture fluxes from remote water sources rather than local land-surface-atmosphere

interactions with local water sources; 4) some climate models, in big contrast to reanalyses,

prioritize local water sources (i.e., land-surface-atmosphere interactions) versus remote ones (i.e.,

moisture flux convergence from adjoining oceans) when simulating interannual variability of

summer precipitation.

The present work analyzes the terrestrial component of the water cycle in order to complete

the authors’ assessment of the water cycle over North America, with a focus over the Great Plains,

from the latest reanalyses, offline and inline model simulations via hydrological models and a

coupled land-surface-atmosphere model. This offers an opportunity to diagnose not only the

coupled land-atmosphere climate model and uncoupled hydrological models but the latest global
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reanalysis from the Japan Meteorological Agency. A central issue to pursue further in the current

study is the quality of the evaporation data in NARR that was doubted large. This study utilizes the

following products: 1) the National Centers for Environmental Prediction/National Center for

Atmospheric Research (NCEP/NCAR) global reanalysis; the European Center for Middle Range

Weather Forecasts 40-year global reanalysis (ERA-40); the Japan Meteorological Agency 25-year

global reanalysis (JRA-25), and NCEP’s North American regional reanalysis (NARR); 2) the

observed/observationally constrained climatological river discharge/runoff data set from the

University of New Hampshire and the Global Runoff Data Center (UNH/GRDC); 3) the off-line

simulations from the Variable Infiltration Capacity (VIC) hydrological model, and from the Second

Global Soil Wetness Project (GSWP-2); 4) NCAR’s Community Atmospheric general circulation

Model, version 3.0 (CAM3.0), AMIP-style ensemble mean simulation. Given our previous findings

on the atmospheric water balance (including the wet and dry bias in NCEP/NCAR and ERA-40

reanalyses over the region), comparisons of the models will be centered around the regional

reanalysis NARR. Furthermore, the observationally constrained runoff from the UNH/GRDC data

set provides the unique opportunity to assess this field in the different products, particularly, the

dubious evaporation (i.e., evaporation plus transpiration) from NARR.

In addition, in the domain of the interannual variations of precipitation over the region, the

relationship between spring soil moisture and summer precipitation anomalies is also investigated

in order to address the dependence of precipitation variability on the local antecedent surface

conditions. Some studies argue there is a significant correlation between summer precipitation and

antecedent soil moisture over the central US (e.g., Koster et al. 2006, Wu et al. 2007). However,

this relationship is largely drawn from model simulations that favor local land-surface processes

over the remote influence of moisture fluxes from the adjoining oceans (e.g., Ruiz-Barradas and

Nigam 2005, 2006). The suggestion of a correlation between summer precipitation and spring soil

moisture over the central US using CAM3.0 by Wu et al. (2007), the same model analyzed here,

will deserve some attention if confirmed by observationally constrained data sets. 
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The paper is organized as follows. Data sets are described in section 2. The annual cycles

of fields from the terrestrial component of the water balance over North America are analyzed in

section 3, while the terrestrial water cycle over the Great Plains is studied in section 4. Winter and

summer seasonal means of the surface fields are contrasted in section 5. The terrestrial water

cycle from the perspective of the climate model CAM3.0 is presented in section 6. A diagnosis of

the relationship between July precipitation over the Great Plains and monthly spring soil moisture

over North America is given in section 7. Finally, concluding remarks are presented in section 8.

2. Data Sets

As mentioned earlier the present analysis of the terrestrial water budget is carried out using

several data sets. Some important features of those products are described next.

a. NCEP/NCAR

The National Centers for Environmental Prediction/National Center for Atmospheric

Research produced a 50-year long global reanalysis (NCEP/NCAR; Kalnay et al. 1996) designed

mainly for atmospheric studies. It spans the period starting in 1948, up to the present, and it is

valuable for their global coverage and long duration. The land surface representation is a simplified

one, with many parameters set as global constants. Soil moisture is nudged to an assumed

climatology with a 60-day time scale. The surface model is driven by simulated precipitation from

the reanalysis atmospheric model. The hydrological model (e.g., Pan 1990) is mainly employed as

a lower boundary condition in the model, and reflects a combination of an imposed hydrological

cycle, and interaction with the atmosphere. Bias in precipitation and its impact on soil moisture

nudging (e.g., Maurer et al. 2001) make it a not very good tool for hydroclimate studies in the

reanalysis. However, in spite of its limitations, NCEP/NCAR reanalysis is still an important

benchmark for other global reanalyses. The data set is on a Gaussian grid of 192x94 points, with

a two-layer soil column: a top layer of 0.10 m thickness, and a lower layer 1.90 m in depth. 

b. ERA-40
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The European Centre for Medium-Range Weather Forecasts (ECMWF) has produced a

45-year long global reanalysis (ERA-40; Uppala et al. 2005) from September, 1957 to August, 2002

in collaboration with many institutions. This product benefitted from many of the changes

introduced into operational forecasting since the mid-1990s, when the systems used for the 15-year

ECMWF reanalysis (ERA-15) and the NCEP/NCAR reanalysis was implemented. The analysis

system includes the land-surface scheme described by Van den Hurk et al. (2000), and a 3-D

variational assimilation system. The surface scheme is characterized by a tiled treatment of subgrid

fractions of evaporation surfaces, the use of a global vegetation database plus an associated set

of model parameters, and changes into the parameterization snow processes, the coupling of the

skin layer to soil, and the vertical soil moisture transport; soil moisture is nudged by a linear

combination of the screen level relative humidity and temperature increments each 6 hr. Well, in

spite of the improvements made in the reanalysis, biases are present in the water budgets (e.g.,

Betts et al. 2003; Hageman et al. 2005).The horizontal resolution of the data used in this study is

on a 2.5/x2.5/ longitude-latitude grid, while the soil layer of 2.89 m depth is discretized in four layers

of thickness 0.07m, 0.21 m, 0.72 m, and 1.89 m. 

c. JRA-25

The Japan Meteorological Agency (JMA) has produced a 25-year long global reanalysis

(JRA-25; Onogi et al. 2007) covering the 1979-2004 period. This is the JMA latest numerical

assimilation system (via 4-Dimensional Data Assimilation cycles) which consist of an atmospheric

model forecast, 3-D variational data assimilation, and land analysis; it uses specially collected

observational data (e.g., snow, wind profiles around tropical cyclones). JRA-25 is a consistent high

quality 6-hourly reanalysis data set designed for climate research and operational monitoring and

forecast. The global model has a spectral T106 resolution, 40 vertical layers in the atmosphere up

to 0.4hPa. Land surface processes in this product are estimated every six hours by a modified

Simple Biosphere model (SiB; Tokuhiro 2002; Sellers 1986); observed snow depths are taken into

the land surface analysis once a day using a 2-D optimum interpolation method. The Japanese



Page 7 of  40

reanalysis is the newest of the reanalysis and its usefulness in portraying regional hydroclimate is

just starting; a preliminary assessment of soil moisture at middle latitudes in general, and over

Illinois in particular by Onogi et al. (2007), suggests it is reasonable portrayed. JRA-25 surface data

is given on the T106 resolution at three vertical layers of variable depths (shallow, root and deep).

d. NARR

The regional reanalysis is a long-term, consistent, data assimilation-based, climate data

suite for North America (Mesinger et al. 2006). This is produced at high spatial and temporal

resolutions (32-km, 45-layer, 3-hourly) and spans a period of 25 years from October 1978 to

December 2003; it is based on the April 2003 frozen version of NCEP’s mesoscale Eta forecast

model and its data assimilation system (EDAS). NARR benefits from two advancements with

respect to global reanalyses: assimilation of  observed precipitation, and decade-long

improvements over Noah, NARR’s land surface model (Mitchell et al. 2004; Fan et al. 2006);

something else that sets apart the regional reanalysis from the global ones is that nudging of soil

moisture is not incorporated, however, it is done for precipitation. The assimilation is, in fact,

successful with downstream effects, including a two-way interaction between precipitation and the

improved land-surface model. NARR surface data analysis is done on a 1/x1/ longitude-latitude

grid, with a 2 m deep column made of four layers of thicknesses: 0.1 m, 0.3 m, .6 m and 1.0 m.

e. VIC

The variable infiltration model (VIC; Liang et al. 1996) is a macroscale hydrological (offline)

model that balances both surface energy and water over a grid at every time step. In this case,

the VIC model has been applied over the conterminous US at 1/8°x1/8° resolution with three

vertical layers of variable depths for the 01/1950-01/2000 period (Maurer et al 2002). The model

has several special features, like representing the soil moisture dependence of the partitioning of

precipitation into runoff and infiltration, the mechanisms of a slow baseflow runoff response, and

explicit treatment of vegetation on the surface energy balance; additionally, runoff is routed and

validated against observed streamflow. VIC data is analyzed on a 1/ horizontal grid in this study.
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f. GSWP-2

The Second Global Soil Wetness Project (GSWP-2) is an initiative to compare and evaluate

10-year offline simulations by a broad range of land surface models under controlled conditions

(Dirmeyer et al. 2004). A major product of GSWP-2 is a global gridded multi-model analysis of land

surface state variables and fluxes from January 1986 to December 1995; VIC is not part of the

multi-model mean. Simulations by 13 land-surface models from five nations have gone into

producing the analysis. The models are driven by forcing data derived from a combination of

gridded atmospheric reanalyses and observations (e.g., NCEP/Department of Energy reanalysis’

precipitation). The resulting multi-model mean is on a 1/X1/ longitude-latitude grid, with a 1.5 m

deep column made of six layers of thicknesses: 0.1 m, 0.2 m, 0.2 m, 0.2 m, 0.3 m, 0.5 m.

g. CAM3.0

NCAR’s Community Atmospheric general circulation Model, version 3.0 (CAM3.0), is

coupled with the Community Land surface Model (CLM), version 3.0 (Oleson, 2004; Bonan and

Levis 2006), in a series of AMIP-like simulations where the only forcing is historical sea surface

temperature (SST) and sea ice (SI) from January 1950 to December 2000; SSTs and SIs are a

blend of the monthly mean Hadley Centre sea ice and SST data set version 1 (HadISST1; Rayner

et al. 2003) with version 2 of the National Oceanic and Atmospheric Administration (NOAA) weekly

optimum interpolation (OI.v2) SST analysis (Reynolds et al. 2002). The CLM is integrated on the

same horizontal grid as CAM3.0 but each grid is further divided into a hierarchy of land units,

ground cover and plant types; the model uses an uneven soil column discretization and an updated

root parameterization as well as other improvements in its physics and parameterizations (Dai et

al., 2001). The current analysis is focused on a 5-member ensemble mean on a Gaussian grid of

256x128 points with a 3.43 m deep column made of 10 layers of thicknesses: 0.02 m, 0.03 m, 0.04

m, 0.08 m, 0.12 m, 0.20 m, 0.34 m, 0.55 m, 0.91 m, 1.14 m.

h. UNH/GRDC

In a joint effort between the University of New Hampshire and the Global Runoff Data

Centre (UNH/GRDC), Fekete et. al. (2002) have produced a global, high resolution, runoff
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climatology by accessing GRDC river discharge data, selecting significant global gauging stations,

and using the UNH water balance model. For those regions where discharged data were available,

the modeled runoff was adjusted to match the observed river discharge values; for regions with no

observed data the modeled estimates of runoff were used. The data set provides observed river

discharge, and modeled and combined observed/simulated (i.e., composite) runoff products at

0.5°x0.5° resolutions; the composite runoff yields a reasonable estimate of spatially distributed

terrestrial runoff at continental scales and preserves the accuracy of the discharge measurements

(Fekete et al. 2002).

Since soil moisture is given in volumetric units (m3/m3) for the majority of the data sets (vsm),

and because the soil columns are not the same either, soil moisture is scaled to a 2m depth. For

CAM3.0, and ERA-40, the 2 meters soil moisture (or water storage) in millimeters (sm) is calculated

as: , where  di represents the thickness of layer i( )sm vsm d vsm Di
i

L

i L= × × + × −
⎡

⎣
⎢

⎤

⎦
⎥
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NARR, the 2m soil moisture in millimeters simply is:  , where  dism vsm di i
i

N

= × ×
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1

represents the thickness of layer i in meters, and N is the total number of layers such as

meters; for GSWP-2, soil moisture is given already in millimeters, however it has a totaldi
i

N

=
=
∑ 2

1

depth of 1.5 meters. Soil layers in VIC and JRA-25 have variable depth, so the above equations

are applied at each grid point depending on the total layer depth which does not always reach  2m.

Surface fields from NARR will be used as a reference in the intercomparisons because from

our previous analyses this data set has the smallest imbalance in the atmospheric branch of the

hydrological cycle among the other global reanalyses (Nigam and Ruiz-Barradas, 2006). 

Climatology and anomalies are calculated for the base period 1979-2001, however, it is

limited to 1979-2000 for CAM3.0, 1979-1999 for VIC, and 1986-1995 for GSWP-2. Boreal winter

and summer means are defined for the usual set of three months December, January, February,

and June, July, August, respectively.



1It is already known that precipitation in NARR, particularly over the US and the Great Plains region, portrays
precipitation in an excellent manner after a successful assimilation of observed precipitation. Thus, in the long term average
any inconsistency in runoff will be reflected in the difference P - E that in turn cab be assigned directly to E alone.  
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3. Annual Cycle over North America

The terrestrial branch of the hydrological cycle can be written as S + R = P - E, where

S=Msm/Mt is the rate of storage of water (i.e., change in soil moisture), P is precipitation, E is

evaporation (actually, evaporation plus transpiration), and R is (surface plus sub-surface) runoff.

Thus, the net gain/loss of water at the land-surface, or soil wetness, as given by the difference P -

E, must be balanced by R over long periods when S tends to be small. The observationally

constrained runoff from the UNH/GRDC data set offers the opportunity, through the analysis of the

long term means, of assessing runoff and diagnosing evaporation (via the difference P - E) in the

regional reanalysis NARR1. In the following discussion, the annually varying component and the

annual mean of those variables are inter-compared for reanalyses and offline hydrological models.

The annual cycle of terrestrial water balance terms is analyzed with the help of the first

harmonic of the monthly climatological fields and displayed using vectors or dials; the length of the

vector denotes the amplitude of the annual cycle, while the direction of the vector indicates the

month of maximum amplitude. Under this view, the larger/smaller the vector, the most/least marked

the seasonal changes through the year. 

a. Regional Reanalysis

The first harmonic and annual mean of NARR surface fields for the 1979-2001 period are

displayed in Fig. 1; the annual mean is contoured. Annual mean precipitation, P, shows distinctive

regions of high rainfall rates over the west coast and over the eastern half of the US. Maximum

annual rainfall is also evident along the Mexican southeast region. As it is evident from the first

harmonic vectors, those regions of large annual mean precipitation correspond to defined seasonal

precipitation: winter precipitation over the US west coasts, the Cascade and Sierra Nevada ranges;

early summer rainfall over central US, late summer rainfall over Mexico, and an almost all-year

round precipitation over the southeastern and eastern US coasts (although rainfall slightly

increases over the southeast in late winter as indicated for the small vectors). It is also apparent
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that western US, between the Rockies and the western coastal region, is drier than the rest of the

country; this dryness extends southward to western and northern Mexico. The described features

in NARR are remarkably coincident when compared with those using Climate Prediction Center ’s

rain gauge restrospective US-Mexico data set as shown in Nigam and Ruiz-Barradas (2006).

Annual mean evaporation, E, exhibits similar features to those in precipitation: maximum

values along the west coasts and to the east of the Rockies over the US, and along the southeast

over Mexico (Fig. 1b). However, the annual cycle of evaporation is largest during early summer

through the whole US, and late summer over Mexico; note that the magnitudes of the annual cycle

vectors are smaller for E than for P over Mexico. The different timing, and their relative magnitude,

for maximum precipitation and evaporation have important implications for the terrestrial biosphere

that depends strongly on the precipitation minus evaporation difference, P - E or the wetness of

the surface. Thus, attention is now focused on the P - E map (Fig. 1c). The difference P - E is

positive over almost the whole continent with the largest values along the western coasts, the

Cascade and Sierra Nevada ranges, and the southeast region of the US, and along the southeast

coast of the Mexican Gulf of Mexico; the only negative difference is seen over the Colorado

Rockies. The P - E difference has a marked annual cycle along both the west coast and over the

southeastern region of the US where it is maximum during winter. The central US has a weak

annual cycle of P - E as indicated by the small (or lack of) arrows over the region; it peaks in winter

though. It is noteworthy to mention that the difference P - E largely peaks during winter over the

US, while it does during summer over Mexico. 

For long-term averages the rate of storage of water, S, must be zero, or very small when

compared to the other terms of the terrestrial water balance equation. In fact, this is the case when

displaying the annual mean of S from NARR (Fig 1d). However, S has an annual cycle that peaks

during winter for the US, and summer for Mexico, and it has a very similar spatial distribution than

the one displayed by the difference P - E. Because the rate of storage of water is negligible on the

long-term average, the difference P - E must be balanced by the annual mean of runoff, R. This

is partially verified by the map in Fig. 1e that shows large values of R along the Rocky Mountains
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of Colorado, Wyoming and Montana with no match in the P - E map; large values of R along the

western coasts, the Cascade and Sierra Nevada ranges, and the southeastern region of the US

agree well in magnitude and distribution with the structure of P - E over the same regions. As

expected, R has a pronounced annual cycle that   peaks well in spring over the Rocky mountains

of Colorado, Wyoming and Montana, but seems to peak earlier in late winter and early spring along

the Cascade and Sierra Nevada ranges, and over the southeastern region of the US. The

difference P - E is balanced by R over the Mexican southeastern states along the Gulf of Mexico

where R peaks in late summer and early fall; over the rest, it is very weak.

Evaporation from NARR is excessive when analyzed from the perspective of the

atmospheric branch of the water cycle over the Great Plains, at least during summer months

(Nigam and Ruiz-Barradas). But if this is the case over other regions and seasons too, then the

long-term mean P - E difference, and in consequence R, are underestimated in Fig. 1. A way to

verify if R is underestimated is by comparing it with an independent data set. Figure 2 displays the

annual mean and annual cycle of UNH/GRDC observed river discharge and composite runoff.

Annual mean river discharge mostly highlight the Pacific northwest basin, the California basin, and

the Mississippi, Ohio, Tennessee, Missouri, and Arkansas central basins with a maximum of 1.5

mm day-1 on the central basins. The annual cycle of the river discharge along the California basin,

and the eastern portion of the central basins, peak in late winter in both cases but it is in spring in

the central portion of the central basins. The composite runoff keeps those features and adds

maxima along the Pacific northwest coast and Mexico. Comparisons between NARR’s runoff in Fig.

1e, and observed and composite runoff in Fig. 2, indicate that indeed R is underestimated in

NARR, and its annual cycle is much weaker, especially to the east of the 100°W meridian. In

consequence, the surface wetness P - E is also underestimated. This confirms the assertion that

E is larger than needed for an accurate representation of the water balance over North America.

Thus, the long term mean of the composite runoff from the UNH/GRDC data set suggest

that the difference P - E in NARR is weaker and less expansive than needed for a closer balance

of the terrestrial water budget.



2A perfect terrestrial water balance would be clear if the annual mean maps of P-E were identical to those of R.
However, regional differences among those fields are evidence of the imbalance in the products. 
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b. Global Reanalyses

It was shown under the view of the atmospheric water cycle that NCEP/NCAR and ERA-40

reanalyses have wet and dry bias respectively along the eastern half of the US (Nigam and Ruiz-

Barradas 2006). Those bias are explored now from the terrestrial water balance perspective. In

addition, the new JRA-25 reanalysis is introduced to assess its capabilities in representing

hydroclimate over North America. The annual mean and annual cycle of the terrestrial water cycle

fields P - E, S, and R from global ERA-40, NCEP/NCAR, and JRA-25 reanalyses are displayed in

Fig. 3. In the long-term mean, all reanalyses try to balance the difference P - E with R2. It is clear

that ERA-40 has the dryer surface among the reanalyses while JRA-25 has the wettest surface.

All reanalyses reproduce the annual mean wetness of the surface (P - E > 0) along the Pacific

northwest and corresponding R but have varied representations on the wetness over the eastern

half of the US and over Mexico; mean annual R along the Gulf states of the US is only evident in

JRA-25, but its westward expansion is too broad when compared with NARR and UNH/GRDC

fields. It is interesting to point out that both JRA-25 and NCEP/NCAR display mean annual wetness

along the western Sierras of Mexico (i.e., the Sierra Madre Occidental and Sierra Madre del Sur)

that are not captured by NARR and in a minimal way by UNH/GRDC. An indication of the

unbalanced budgets in ERA-40 and NCEP/NCAR reanalyses is given by the spurious negative

difference P - E over Mexico and central US, respectively, that imply a negative runoff. 

The annual cycle of surface wetness, the difference P - E, presents a heterogeneous

success in global reanalyses if compared with NARR. The winter peak along the western coasts

is well captured by all of them, but it is off the mark over the southeastern US where NCEP/NCAR

and JRA-25 peak earlier in late summer rather than in early winter as ERA-40 does. The annual

cycle over central US, judging by the lack of arrows, is too flat in JRA-25 and well defined in ERA-

40. Regarding the annual cycle over Mexico, reanalyses show it peaking during summer, as NARR

does, but it is much stronger than in NARR.
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The annual cycle in runoff, R, also presents some challenges for global reanalyses,

particularly over eastern and southeastern US. The winter peak along the Pacific northwest is

reasonable captured for all reanalyses though. ERA-40 practically has none (or very little) seasonal

variability over the eastern half of the US. NCEP/NCAR reasonable displays a peak in late

winter/early spring over eastern US but it fails to get a similar peak along the Gulf states when

compared with UNH/GRDC. On the other hand, JRA-25 has less marked seasonal variability in R

over the eastern US, and it is in the wrong season, in July, along the Gulf states of the US.

The annual cycle of the rate of water storage, S, in global reanalyses captures the broad

features displayed by NARR, however, the corresponding amplitude is varied among them. ERA-40

fairly displays the winter peak over the western US but its magnitude is smaller than that in NARR;

similarly, the summer peak over Mexico is reasonably depicted. The seasonal changes over

eastern US are almost non existent in ERA-40, but well defined in both NCEP/NCAR and JRA-25.

It is clear the presence of exaggerated annual cycles over western US and Mexico in NCEP/NCAR

and particularly JRA-25.

c. Offline Models 

In spite of the unidirectional strategy to simulate the terrestrial branch of the hydrological

cycle, one has high expectations on these models because of their observed meteorological

surface forcing. The annual mean and annual cycle of P - E, S, and R for GSWP-2, and VIC

models are displayed in Fig. 4. The long-term average of the difference P - E tends to be better

balanced by R in VIC than in GSWP-2. In general, both offline models are very similar reproducing

the mean surface wetness, P - E, and runoff, R, along the Pacific northwest, and southeastern US,

however, differences are also evident. Maxima in P - E and R are evident along the Colorado and

Wyoming Rockies in VIC but not in GSWP-2; on the southeastern side of the US is also clear that

the maxima in P - E and R, are closer to the Gulf of Mexico coasts in VIC than in GSWP-2. Thus,

runoff from VIC is closer to the UNH/GRDC over the Pacific northwest and the Rockies than

GSWP-2 does, but it is the other way around when representing the maximum R over the

southeastern US. The structure of R over southeastern Mexico is well captured by GSWP-2,
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although its magnitude is smaller when compared against the UNH/GRDC product; VIC’s domain

does not extend beyond the US.

The annual cycle of the difference P - E from the offline models is very much like that in

NARR, although it is larger in the offline models, especially over the Pacific northwest. The winter

maxima along both the western coasts and southeastern US are well captured by both models. The

weak annual cycle over central US is also captured by the models, being VIC’s depiction closer to

NARR. The annual cycle over Mexico by GSWP-2 has large resemblance to that captured by

NARR where both of them peak during summer months.

The annual cycle in runoff, R, is also very similar in both offline models, and in both cases

closer to UNH/GRDC than to NARR. The winter maximum along the Pacific northwest is captured

with a larger magnitude than indicated by the UNH/GRDC data set. The late winter/early spring

peak over eastern US is reasonably captured by both models when compared with UNH/GRDC.

The late spring peak in R over the Colorado and Wyoming Rockies is better captured by VIC than

by GSWP-2. The late summer/early fall peak of R over southeastern Mexico displayed in the

UNH/GRDC data set is well captured by GSWP-2 although weaker.

The annual cycle of the rate of water storage, S, in both GSWP-2 and VIC models show

the same features than in NARR, although their amplitudes are weaker. Both models display

reasonably well the winter peak over the western and eastern US but with a weaker magnitude than

in NARR; the summer peak over Mexico is reasonably depicted too.

4. Terrestrial Water Cycle over the Great Plains

The terrestrial water cycle is further scrutinized by means of analyzing its month to month

changes. For completeness of previous studies (Ruiz-Barradas and Nigam 2005; Nigam and Ruiz-

Barradas 2006), the Great Plains region will be the focus of the following analysis. This region, that

is outlined in Figs. 1c-e, covers a surface of 1x106 km2 over the 100°-90°W, 35°-45°N domain and,

in addition of experiencing the largest interannual variability of summer rainfall over the country,



2The analysis of the atmospheric branch of the hydrological cycle over the GreatPlains suggests that the enhanced
land-surface-atmosphere interactions are more of an artifact in some models than a real feature at both seasonal-to-
interannual scales (Ruiz-Barradas and Nigam 2005; Nigam and Ruiz-Barradas 2006).
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it is at the center of the debate on land-surface-atmosphere interactions2. Area-averaged means

over the Great Plains domain, of the terrestrial water cycle components analyzed in the previous

section are displayed in Fig. 5. The same vertical scale is used for all the terms to facilitate a visual

comparison and the following keys are used: NARR, black line with open circles; ERA-40, blue line

with open triangles; NCEP/NCAR, purple line with filled circles; JRA-25, orange line with diamonds;

GSWP-2, green line with open squares; VIC, red line with multiplication signs;

UNH/GRDC(observed R), long-dash black line with plus signs; UNH/GRDC(composite R), short-

dash black line with open triangles. 

Surface wetness, P - E, (Fig. 5a) evolves similarly in NARR, ERA-40, GSWP-2, and VIC

in the sense that all of them are positive in the early part of the year, negative during summer, and

again positive at the end of the year. However, important differences are evident among those data

sets too. While the hydrological model data sets are negative from June to August with absolute

values smaller than 0.6 mm day-1 , NARR and ERA-40 values double them, and start earlier and

finish later in the year; NARR values only start earlier by one month, in May, but ERA-40 negative

values span six months from spring to fall. Based on the previous findings regarding NARR

excessive evaporation, and that summer evaporation is comparable in both NARR and ERA-40

(see Nigam and Ruiz-Barradas 2006) one can conclude that excessive evaporation is behind the

deep dive in the warm-season of P - E. On the other hand, it must be noticed that NARR and VIC

monthly evolution is the closest among the different data sets, having maximum positive values in

March and November, and a minimum negative value in July; VIC’s values are at least twice larger

than those in NARR from March to August! This is likely due to the excessive evaporation in NARR.

The evolution of the  difference P - E is completely deficient in NCEP/NCAR and JRA-25; while it

is negative from spring to fall in the former, it is all-year positive in the latter.

In general, the data sets have their largest runoff, R, (Fig. 5b) during spring months that

decreases during summer until reaching a minimum during fall; from there, a secondary maximum
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in early winter is also apparent. NARR and ERA-40 display the lowest magnitudes, barely reaching

0.4 mm day-1, while JRA-25 has the largest ones exceeding 1 mm day-1. It is interesting to note that

UNH/GRDC’s composite R is larger than the purely observed river discharge from January to May,

but it is smaller from July to December; they are practically the same in June. The composite R

peaks one month earlier in spring (1.1 mm day-1 in April), than the purely observed R (0.8 mm day-1

in May). If the observationally constrained composite runoff from the UNH/GRDC data set is

assumed as the best representation of the regional runoff, then not a single product reproduces

it. Runoff from VIC is the closest from January to June but NARR is the closest from July to

December; worth noticing is that VIC’s runoff is virtually the same than the observed river discharge

from June to August, and about the same with the composite runoff in June.

The UNH/GRDC runoff products are the most reliable observations and estimates one can

have at the regional-to-continental scales, thus, the range of uncertainty they provide indicates that

over the Great Plains runoff from NARR, and ERA-40, are very low, especially during the spring

and early summer months. It is also clear that VIC does a reasonable good simulation, while

GSWP-2 is a bit higher, and peaks later in spring (May). Both GSWP-2 runoff, and UNH/GRDC

observed river discharge peak in May, but considering that the river discharge lacks of the spatial

information from surface runoff over the domain, this peak may not be an accurate representation

of the mean runoff over the Great Plains. Excessive runoff is depicted by the global reanalysis JRA-

25 through the whole year, but only for late winter by NCEP/NCAR; NCEP/NCAR runoff is very low

and comparable to that from NARR from May to December.

The rate of change in soil moisture, S, (Fig. 5c) evolves similarly in NARR, VIC and GSWP-

2 data sets: after a positive maximum in March, it decreases to a negative minimum in July, and

then it reaches a secondary maximum in November for VIC and GSWP-2, and December for

NARR. The range in NARR’s rate of change goes from -1.6 to 1.1 mm day-1, but it is smaller in VIC

(-1.1 to 0.9 mm day-1) and even smaller in GSWP-2 (-0.9 to 0.7 mm day-1). While the global

reanalyses NCEP/NCAR and JRA-25 exhibit very large ranges (-1.8 to 3.6 mm day-1 , and -1.8 to

1.7 mm day-1, respectively), ERA-40 displays the smallest one (-0.4 to 0.4 mm day-1). Soil moisture
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and its rate of change is difficult to compare among the different data sets because the different

design of the soil layers. For instance, VIC and JRA-25 use soil layers of different depths and they

add up to 2m only in some parts of the US, while GSWP-2 multi-model mean with fixed depths only

sums up to 1.5m; the other reanalyses ERA-40, NCEP/NCAR and NARR, add up 2m. In spite of

those differences, there is some coherence in the month to month evolution of S between NARR

and the two hydrological model simulations from GSWP-2 and VIC, although the winter and

summer values are much larger in NARR than in the hydrological models.

The nature of the terrestrial water balance is examined now (Fig. 5d). VIC and NARR close

the annual balance better than GSWP-2 and the global reanalyses; while the long term means for

VIC and NARR do not reach a tenth of a mm day-1, the corresponding means for GSWP-2, ERA-

40, JRA-25 and NCEP/NCAR are -0.2, -0.3,-0.3 and -0.7 mm day-1 respectively. However, in spite

of the long term balance in NARR, it is also clear that seasonal imbalances are large with maximum

values of -0.7 mm day-1 in April and 0.7 mm day-1 in September. Large evaporation and low runoff

seem to be at the center of the seasonal imbalances in NARR from spring to fall. The seasonal

unbalance in VIC follows that in NARR but its range is smaller; it changes from -0.3 to 0.4 mm day-1

for the same (April to September) months than NARR. Seasonal terrestrial water budgets in

GSWP-2 are not very different from those in VIC, but imbalances from winter to early summer are

noticeable. Large imbalances in ERA-40 from summer to early fall are dominated by the small

runoff and change in water storage during those seasons. On the other hand, the large imbalances

in JRA-25 arise from the lack of an annual cycle in the difference P - E and the large runoff. Not

only the huge rates of water storage produce the immense unbalance in NCEP/NCAR during

winter, but also the elevated evaporation through the whole year; the latter makes negative the

difference P - E almost through the whole year. 

                 

5. Seasonal Variability

The seasonal apportioning of the difference precipitation minus evaporation, and runoff is

analyzed next, but for space considerations, this is focused on NARR, VIC and runoff from the
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UNH/GRDC data sets for the contrasting seasons of winter and summer, when evaporation is at

its minimum and maximum respectively.

The above mentioned seasonal fields, P - E and R, are displayed in Fig. 6. It is clear right

away that NARR underestimates both the difference P - E, and R in both winter and summer,

especially to the east of the continental divide. Surface wetness (P-E>0) and runoff over western

US in winter are in better accord among the data sets, even though NARR does not pick up the

broad extension of surface wetness as in VIC. However surface wetness is around a fourth smaller

in NARR than in VIC over southeastern US. Although winter runoff over the east extends a bit

further to the west in VIC, when compared with the UNH/GRDC product, the underreckoning of

NARR’s winter R is very drastic. 

Surface dryness (P-E<0) and wetness (P-E>0), and runoff in NARR do not compare well

with VIC and UNH/GRDC fields during summer. Again, the difference P-E compares well over

western US, even over northwestern Mexico where it changes sign, but it is quite different over

southeastern US as compared with VIC. Although there is a hint of surface wetness along the

southeastern and Gulf of Mexico states in NARR, this is not as extended as in VIC; additionally,

the surface dryness over central US is three times larger than in VIC. While VIC and UNH/GRDC

products agree on the distribution of runoff over the western mountains and the central and

southeastern regions of the US during summer, runoff is virtually absent in NARR, except for that

along the Colorado and Wyoming Rockies. Not shown maps of the change in water storage, S,

indicate that the season mean P - E is largely balanced by S in NARR but not in VIC (or the multi-

model mean from GSWP-2).

Considering that observed precipitation is very well assimilated in NARR, it is apparent that

the shortage in water for runoff in the regional reanalysis is caused by excessive evaporation and

change in water storage (not shown); this is particularly evident along the southeastern US.

6. CAM3.0's terrestrial hydroclimate

The climatology of the terrestrial branch of the hydrological cycle over North America in



3Resolution may be an issue here, however the model is able to pick up features at similar spatial scales over
Florida, Mexico’s Sierra Madre Occidental, and Cuba.
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CAM3.0's 5-member mean of AMIP-like simulations is analyzed at continuation. Given the range

on uncertainties among the global and regional reanalyses, and the offline hydrological models the

focus now is to determine where the model stands. The climatology of precipitation and evaporation

were assessed over the region in the context of the atmospheric branch of the hydrological cycle

in Nigam and Ruiz-Barradas (2006); both fields are underestimated, especially to the east of the

Great Divide in summer.

a. Annual Cycle

The annual cycle and annual mean of the difference precipitation minus evaporation, P -

E, the rate of change of soil moisture, S, and runoff, R, in the climate model are displayed as maps

with dials, and as a 2-D plot of area-averaged fields over the Great Plains (100°-90° W, 35°-45°

N) in Fig. 7. The contour interval, the shading, and reference dial are the same than in previous

maps to facilitate visual comparison. In the long-term mean, P - E is balanced by R, but the

regional differences are testimonials of the imbalance. Although the model simulates a maximum

in wetness (P-E>0) over western US, its magnitude and structure are weaker and broader than

those in the maximum displayed by the global reanalyses. Correspondingly, the magnitude and

structure of R are weaker and broader than in the global reanalyses as well; smaller scale features

of R, like those over the Rocky mountains of Colorado and Wyoming, and evident in the

hydrological models, the regional reanalysis and the independent runoff data set are absent in the

climate model simulation3. Wetness on the eastern side of the US is low when compared with the

offline hydrological models, and global reanalyses NCEP/NCAR, and JRA-25, and comparable to

NARR and ERA-40 renditions of the difference; additionally, the simulation of the annual mean R

is less favorable considering that it is absent from the region. Wetness and runoff over Mexico are

like those captured by the global reanalyses NCEP/NCAR, and JRA-25, as well as the hydrological

multi-model mean GSWP-2. 

The annual cycles in P - E, R and S are very weak, as one can see from the very small
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vectors (dials), except for portions over southwestern Canada and Mexico where P - E has its

largest amplitude. The annual cycle of P - E peaks in winter over the Pacific northwest, as the rest

of the other data sets do, however, the late winter maximum over eastern US is not seen in the

other data sets; actually this late winter maximum over eastern US is a better depiction of the

regional annual cycle than the one portrayed by the global NCEP/NCAR and JRA-25 reanalyses

that indicate a summer maximum. The summer peak in P - E all over Mexico agrees well with the

corresponding peaks by the other data sets.

A meaningful annual cycle in runoff, R, exists over the Pacific northwest, Atlantic northeast,

and Mexico, but it is practically absent in the eastern half of the US. The peak over the Pacific

northwest occurs earlier in winter (January) than in the observationally constrained UNH/GRDC

data set and the other data sets (February). Similarly, the annual cycle peaks in early spring

(March) over Utah, and states to its north, in the climate model, but it is April-May when that

happens in the UNH/GRDC data set; on this region CAM3.0's depiction of the annual cycle of R

is closer to the one by the NCEP/NCAR and JRA-25 global reanalyses. The annual cycle of R over

Mexico in CAM3.0 is also reaching a maximum earlier in summer (July) than the other data sets

indicate (August-September).

The annual cycle in the rate of change of soil moisture, S, has some relevance over the

same regions than the difference P-E. The December peak over the eastern US is in reasonably

agreement with the other data sets, but it is earlier than the majority of the other data sets indicate

(January). An early occurrence is also apparent in the summer peak over Mexico where CAM3.0

shows a maximum in June, but the majority of the other data sets indicate a July one.

b. Great Plains terrestrial water cycle

Area-averaged means over the Great Plains domain (100°-90°W, 35°-45°N) of the

terrestrial water cycle components analyzed above are displayed in Fig. 7d. The vertical scale used

in the equivalent plots from Fig. 5 is used here too in order to facilitate a visual comparison with

them. The following keys are used: P-E, green line with open circles; S, red line with multiplication

signs; R, blue line with open squares; P-E-R-S, black line with open triangles. The small magnitude
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of the annual cycle pointed in the previous section is clear in this plot of the central US. Striking is

the flatness of the annual cycle in all fields.

When comparing the month-to-month evolution of the difference P - E with the

corresponding from the other data sets, it is clear that evaporation is too large in CAM3.0 during

winter-early spring. The negative P-E in February makes the region a sink of surface moisture,

which has a negative impact on S, especially during late winter and early spring. This spurious

negative P-E in February is even larger than the minimum in July; however, the minimum in July

is so close to zero that the summer as a whole is basically positive, a source of surface moisture

and not a sink as in the summer of the other data sets (except JRA-25; please, see Fig. 5a). The

annual cycle of runoff, R, depicts maximum and minimum values during March and September, and

with a range comparable to ERA-40. Considering the small range of the different fields the annual

imbalance of -0.09 mm day-1 (black curve) is very large, particularly in winter.

7. An Issue on Interannual Variability

When analyzing the atmospheric branch of the water cycle Ruiz-Barradas and Nigam

(2005) finds that precipitation variability over the Great Plains region was more related to remote

water sources from the adjoining oceans than to local land-surface processes. The dependence

of precipitation anomalies with antecedent soil moisture conditions was addressed indirectly when

analyzing the atmosphere branch of the water cycle via an auto-correlation analysis of a Great

Plains precipitation index in coupled models (Ruiz-Barradas and Nigam 2006). This dependence

is addressed again here but it is done from the perspective of the terrestrial branch of the water

cycle now.

A simple way to discover a relationship between summer precipitation and spring soil

moisture is to carry a lagged correlation between July precipitation and monthly soil moisture for

area-averaged precipitation and soil moisture anomalies over the Great Plains; this is the same

region used previously in the paper and previous papers of the authors. In order to explore a

possible connection of Great Plains precipitation with other regions, the time series of July Great
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Plains precipitation anomalies is correlated with the time series of surface-to-2m-deep soil moisture

anomalies for each grid point in the North American domain. Correlations are calculated from the

July simultaneous one to the 4-month lag of July precipitation and April soil moisture; the statistical

significance is assessed via a 2-tail Student’s t test at the 0.05 level. The correlation of the time

series of July precipitation anomalies between NARR and VIC is 0.99, and between NARR or VIC

and CAM3.0 is 0.33; these correlations among the precipitation indices make clear the observed

nature of the precipitation field used in NARR and VIC, and the problems in the climate model to

accurately simulate monthly observed precipitation. Fig. 7 displays the correlations for the regional

reanalysis NARR, the hydrological model VIC, and the ensemble mean of CAM3.0 simulations; for

reference, the statistically significant correlations are enclosed by thick lines, while the Great Plains

region, used to calculate the July precipitation index, is displayed in the different panels. Something

to notice is that positive correlations in NARR and VIC are present along central US, but those

correlations occupy almost the whole US in CAM3.0. While simultaneous positive correlations are

relatively high, especially in VIC and CAM3.0, and extensive in their spatial coverage, those

correlations decrease in both size and extension in NARR and VIC when the lag increases.

However, positive correlations in CAM3.0 maintain their value and expansiveness when the lag

increases.

Results from the correlations with the climate model CAM3.0 are consistent with previous

studies (Ruiz-Barradas and Nigam 2006; Wu et al 2007). It should be noticed that in CAM3.0 the

correlations between July precipitation and antecedent soil moisture within the Great Plains region

decrease with time, and this is consistent with the auto-correlation analysis done for the July

precipitation anomalies from the 20th century climate simulation with the coupled version of the

model (Ruiz-Barradas and Nigam 2006). The expansiveness of the significant correlations of July

precipitation with antecedent spring soil moisture outside the Great Plains region in the model finds

common ground with the modes of variability between summer precipitation and spring soil

moisture over the US identified by Wu et al.( 2007) in the same model; the down side of this latter

result is that it isn’t shared by the results with the observationally driven NARR and VIC.
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Thus, the coherence between NARR and VIC in representing insignificant lagged

correlations between July precipitation and antecedent soil moisture, and the relatively high values

and broad extension simulated by CAM3.0 (up to 0.4 over central US and 0.6 over eastern US)

indicate that the climate model is creating an artificial lagged correlation between summer

precipitation and spring soil moisture. 

8. Concluding Remarks

The present study is centered in the assessment of the seasonal variability of the terrestrial

water balance over North America with an especial emphasis over the Great Plains region. The

relationship between spring soil moisture and summer precipitation variability is also investigated.

Model outputs  are contrasted against reanalyses and observationally constrained data sets. The

model outputs analyzed include NCAR’s climate model CAM3.0 AMIP-like 5-member ensemble

mean, GSWP-2 hydrological multi-model mean, and VIC hydrological model; the climate model is

forced with historical observed sea surface temperatures, while the two hydrological models are

forced with observed meteorology. The reanalyses products studied are the regional reanalysis

NARR and the global reanalyses NCEP/NCAR, ERA-40, and JRA-25; attention is payed on how

the new Japanese reanalysis JRA-25 compares against the others. Observed river discharge and

observationally constrained runoff from UHN/GRDC provide the needed independent data set in

order to establish some uncertainties in the reanalyses and simulations, including the diagnosis of

evaporation from NARR.

In the long term average, the different products largely balance the surface wetness P - E

with runoff R but substantial differences exist in both P - E and R among the data sets. While all

products reasonably simulate the long term means along the Pacific northwest, they are challenged

when trying to capture it over the mountain ranges of the west, over the eastern half of the US (to

east of the continental divide), and over Mexico.

Comparison with the long-term mean of observed river discharge (~2.0 mm day-1) and

observationally constrained runoff (~2.0 mm day-1) from the UNH/GRDC data set indicates that
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over eastern United States the hydrological models are closer than any other product. ERA-40 and

NARR have very little runoff, NCEP/NCAR has around half of the observed runoff, JRA-25 has

comparable magnitude to the observed runoff but its spatial structure is too broad. The hydrological

models agree the best with the structure and magnitude of observed runoff but the climate model

CAM3.0 is in the low side and comparable to ERA-40. In consequence, as it is the case, the long

term mean P - E in the different products present the same attributes than those described for R.

Because runoff, R, in NARR is a fourth of that in the observationally constrained

UNH/GRDC data set, then the long-term mean of the surface wetness P - E must be low as well.

This implies that evaporation, E, in NARR is larger than needed in order to have a closer terrestrial

water balance, which confirms the authors’ previous finding regarding NARR’s excessive

evaporation in the context of the atmospheric branch of the water cycle (Nigam and Ruiz-Barradas

2006). Thus, the long-term mean of the difference P - E should have a structure like that present

in the hydrological models.

The annual cycle of the terrestrial water cycle fields, broadly speaking, has the largest

amplitude over the same regions than their long-term mean maximum, that is, over the Pacific

northwest, the western mountain ranges, eastern/southeastern US, and Mexico. Generally

speaking the annual cycle of S is comparable to that of P - E in NARR but  it is much larger in

NCEP/NCAR and JRA-25, particularly over western US and Mexico; the annual cycle of S is

weaker than the one of P - E in ERA-40 especially in the eastern half of the US and Mexico. The

hydrological models have a slightly weaker annual cycle in S than in P - E. However, the climate

model CAM3.0 simulates comparable annual cycles of S and P - E over US but the annual cycle

of P - E is much larger than the one of S over Mexico. The annual cycle of R is comparable to the

annual cycle of P - E in the global reanalyses and hydrological models but the annual cycle of R

in the hydrological models is the closest to the observationally constrained UNH/GRDC data set.

The annual cycle of R to the east of the continental divide over the US is very flat in NARR.

A closer look at the winter and summer long term means of P - E and R over the US, the

seasons when evaporation is at its minimum and maximum respectively, reveals that NARR and
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VIC differ importantly and that VIC’s runoff is closer than NARR’s to the observationally constrained

runoff from the UNH/GRDC data set; the largest differences exist to the east of the continental

divide. Runoff is larger in winter than in summer in the UNH/GRDC data set. While NARR’s surface

wetness (P - E > 0) is around 30% smaller than VIC’s, NARR’s runoff is around 70% smaller than

VIC’s over southeastern US during winter. The surface dryness (P - E < 0) is three times larger in

NARR than in VIC, and while R is at its minimum in VIC and UNH/GRDC data sets, it is practically

absent in NARR during summer. On the other hand, runoff over Mexico is larger in summer than

in winter in the UNH/GRDC data set, but R is pretty much absent from the region in NARR.

The central Great Plains (100°-90°W, 35°-45°N), a region away from the continental divide,

experiences less seasonal variability than the Pacific northwest and the southeastern US regions,

as it has been evident from the lack of major features over the region in the harmonic and seasonal

analyses. In spite of this, the region undergoes seasonal-to-interannual hydroclimate variability that

imposes a challenge for reanalyses and climate models as well. 

The terrestrial water balance over the Great Plains has seasonal imbalances in all products.

The annual imbalances in VIC and NARR are of the same order but the seasonal imbalances in

NARR from spring to fall are smaller than those in VIC due to the highlighted errors in runoff and

evaporation. The annual imbalance in the multi-model mean by GSWP-2 is higher than in NARR

and VIC but smaller than in the global reanalyses. Among the global reanalyses, JRA-25 has the

largest seasonal imbalances, although its annual imbalance is comparable to that in ERA-40 and

it is almost half of that in NCEP/NCAR; seasonal imbalances in JRA-25 are due to overestimation

in S, P - E and R as well as the almost nonexistent annual cycle in P - E and R. Even that NARR

and ERA-40 have some common features in P - E and R, ERA-40 has larger imbalances from

spring to fall due to the small and almost uniform S during those seasons. The simulation by the

climate model CAM3.0 gives the smallest month-to-month variability of the products, but its annual

imbalance is very large when compared to the individual components of the terrestrial water cycle.

The role of antecedent soil moisture anomalies over the US on interannual variability of

summer precipitation over the Great Plains is also explored in the climate model CAM3.0, the



Page 27 of  40

observationally driven hydrological model VIC and the regional reanalysis NARR. VIC and NARR

picture mostly a simultaneous correlation between July precipitation and July soil moisture within

the Great Plains, however, CAM3.0 artificially elaborates a lagged relationship between July Great

Plains precipitation and spring soil moisture over the southeastern-eastern US corridor, and north

central US.

It is clear that global reanalyses have some problems in reproducing the terrestrial water

cycle over North America, and in particular over the central Great Plains. The most recent global

reanalysis, the Japanese reanalysis, does not improve the representation of the climatological

features of the terrestrial water cycle over North America. The regional reanalysis NARR and the

hydrological model VIC offer the best coherent data sets of the terrestrial water cycle fields, but

NARR severely underestimates runoff that leads to the overestimation of evaporation. In spite of

the differences between the surface models in VIC and NARR, and the smaller storage capacity

in VIC than in NARR, the observational streamflow constraint imposed in VIC keeps  runoff on

check that favorably impacts evaporation and water storage. These results make clear the need

for a correction in the assimilation process in NARR in which some observational constraints on

the land-surface part are needed to generate realistic hydroclimate fields. On the other hand,

climate models have a big challenge in simulating not only seasonal variability but also interannual

variability of the hydroclimate fields at regional-to-continental scales; conclusions emanated from

them should be carefully validated.

Aknowledgements



Page 28 of  40

References

Betts, A. K., J. H. Ball, M. Bosilovich, P. Viterbo, Y.-C. Zhang, and W. B. Rossow, 2003:

Intercomparisonof Water and Energy Budgets for five Mississippi Sub-basins between

ECMWF Reanalysis (ERA-40) and NASA-DAO fvGCM for 1990-1999, J. Geophys. Res.,

108 (D16), 8618, doi:10.1029/2002JD003127.

Bonan, G. B., and S. Levis, 2006:Evaluating aspects of the Community Land and Atmosphere

Models (CLM3, and CAM3) using a dynamic global vegetation model. J. Climate, 19, 2290-

2301.

Dai, Y., X. Zheng, and R. E. Dickinson, 2001: The Common Land Model: Documentation and

user’s guide. [Available online at http://climate.eas.gatech.edu/dai/clmdoc.pdf].

Dirmeyer, P. A., X. Gao, M. Zhao, Z. Guo, T. Oki, N. Hanasaki, 2005: The second Global Soil

Wetness Project (GSWP-2): Multi-model analysis and implications for our perception of the

land surface. COLA Technical Report No. 185, 46pp. [Center for Ocean-Land-Atmosphere

Studies. 4041 Powder Mill Rd # 302, Calverton, Maryland, 20705-3106, U.S.A.. Available

online at ftp://grads.iges.org/pub/ctr/ctr_185.pdf].

Fan, Y., H. M. Van den Dool, D. Lohmann, and K. Mitchell 2006: 1948-1998 U.S. hydrological

reanalysis by the Noah Land Data Assimilation Sisytem., J. Climate, 19, 1214-1237.

Fekete, B. M., C. J. Vorosmarty, W. Grabs.  2002. High-resolution fields of global runoff combining

observed river discharge and simulated water balances, Global Biogeochemical Cycles, 16

(3): 15-1 to 15-10.

Hagemann, S., K. Arpe amd L. Bengtsson, 2005:  Validation of the hydrological cycle of ERA-40.

ERA-40 Project Report Series No. 24, 46 pp. [European Centre for Medium Range Weather

Forecasts. Shinfield Park, Reading, RG2 9AX, England. Available online at

http://www.ecmwf.int/publications/library/ecpublications/_pdf/era40/ERA40_PRS24.pdf].

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-year reanalysis project. Bull. Amer. Meteor.

Soc.,77,437-471.

Koster, R., and Coauthors 2006: GLACE: The Global Land–Atmosphere Coupling Experiment. Part



Page 29 of  40

I: Overview. J. Hydrometeor., 7, 590-610.

Maurer, E. P., G. M. O’Donnell, ad D. P. Lettenmaier, 2001: Evaluation of the land surface

water budget in NCEP/NCAR and NCEP/DOE reanalyses using an off-line hydrological

model. J. Gephys. Res., 106, 17841-17862.

Mesinger, F., et al. 2006: North American Regional Reanalysis. Bull. Amer. Meteor. Soc., 87, 343-

360.

Mitchell, K. E., and Coauthors, 2004: The multi-institution North American Land Data Assimilation

System (NLDAS) Utilizing multiple GCIP products and partners in a continental distributed

hydrological modeling system. J. Gephys. Res., 109, D07S90, doi:10.1029/2003JD003823.

Nigam, S., and A. Ruiz-Barradas, 2006: Seasonal hydroclimate variability over North America in

ERA-40, Regional Reanalysis and AMIP simulations. J. Climate, 19, 815-837.

Oleson, K. W., and Coauthors, 2004: Technical description of the Community Land Model (CLM).

NCAR Tech. Note TN-461+STR, 183pp. [Available only from NTIS, Springfield, VA, (703)

605-6000, orders@ntis.fedworld.gov request NTIS #PB2004-105836]

Onogi, K, and Coauthors, 2007: The JRA-25 reanalysis. J. Meteor. Soc. Japan, 85, 369-432.

Pan, H.-L., 1990: A simple parameterization scheme of evapotranspiration over land for the NMC

medium-range forecast model. Mon. Wea. Rev., 118, 2500-2512.

Rayner, N. A., D.E. Parker, E. B. Horton, C. K. Folland, L. V. Alexander, and D. P. Rowell, 2003:

Global analysis of SST, sea ice and night marine air temperature since the late nineteenth

century. J. Gephys. Res., 108, 4407, doi:10.1029/2002JD002670.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and W. Wang, 2002: An improved in

situ and satellite SST analysis for climate. J. Climate, 15, 1609-1625.

Ruiz-Barradas, A., and S. Nigam, 2005: Warm-season Precipitation Variability over the US Great

Plains in Observations, NCEP and ERA-40 Reanalyses, and NCAR and NASA Atmospheric

Simulations. J. Climate, 18, 1808-1830.

 ______, ______2006: Great Plains Hydroclimate Variability: The View from the North American



Page 30 of  40

Regional Reanalysis. Accepted, J. Climate, 19, 3004-3010.

Schaake, J. C. And Coauthors, 2004: An intercomparison of soil moisture fields in the North

American Land Data Assimilation System (NLDAS). J. Geophys. Res., 109, D01S90,

doi:10.1029/2002JD003309.

Sellers, P. J., Y. Mintz, Y. C. Sud, and A. Dalcher, 1986: A simple Biosphere model (SiB) for use

within general circulation models. J. Atmos. Sci., 43, 505-531.

Tokuhiro, T, 2002: Validation of land surface parametersfrom the JMA-SiBuisng ERA15

Atmospheric forcing data. Proceeding of the 27th Annual Climate Diagnostics and Prediction

Workshop, October 21-25, 2002, hosted by George Mason University and COLA, 2pp.

Uppala, S.M., and Collaborators, 2005: The ERA-40 Reanalysis. Quart. J. Roy. Meteor. Soc., 131,

2961-3012.

van den Hurk, B.J.J.M., P. Viterbo, A.C.M. Beljaars, and A.K. Betts, 2000: Offline validation of the

ERA40 surface scheme. ECMWF Tech. Memo. 295, 42 pp. [Eur. Cent. for Medium-Range

W e a t h e r  F o r e c a s t i n g ,  R e a d i n g ,  U K .  A v a i l a b l e  o n l i n e  a t

http://www.ecmwf.int/publications/library/ecpublications/_pdf/tm/001-300/tm295.pdf]

Wu, W., R. E. Dickinson, H. Wang, Y. Liu, and M. Shaik, 2007: Covariabilities of spring soil

moisture and summertime United States precipitation in a climate simulation. Int. J.

Climatol., 27, 429-438



Page 31 of  40

Figure Captions

Figure 1. Annual cycle and annual mean of surface fields in NARR for the 1979-2001 period: (a)

precipitation, P; (b) evaporation, E; (c) precipitation minus evaporation, P-E; (d) change in (surface-

2m) soil moisture storage, S; and (e) runoff, R. Vectors represent the annual cycle through the first

harmonic while background isolines display the annual mean of the fields in mm day-1. The insert

vectors to the right of the central panel indicate the scaling of the magnitude in mm day-1 and the

phase of the annual-cycle: vectors pointing to the south indicate a maximum on 1 January, pointing

toward the west means a maximum on 1 April, pointing to the north a maximum on 1 July, and

pointing to the east a maximum on 1 October. Only magnitudes of the annual cycle larger that 0.5

mm day-1 are displayed for all fields. Annual means are contoured at 1 mm day-1 for P, and E, while

it is 0.5 mm day-1 for P-E, S, and R; the zero contour line is omitted. Shading indicates annual

means equal or larger than 2 mm day-1 for P, and E, and |±0.5| mm day-1 for P-E, S, and R;

positive/negative values are green/brown.  The box over central US outlines the Great Plains region

(100°-90° W, 35°-45° N).

Figure 2. Annual cycle and annual mean of runoff from the UNH/GRDC data set. (a) Observed

river discharge, (b) composite from observed river discharge and simulated runoff. Vectors, shades

and contours are as in Figure 1.

Figure 3. Annual cycle and annual mean of surface fields: (a)-(c) ERA-40; (d)-(f) NCEP; and (g)-(i)

JRA-25 for the 1979-2001 period: (a), (d), (g) precipitation minus evaporation, P-E; (b), (e), (h)

change in (surface-2m) soil moisture storage, S; and (c), (f), (i) runoff, R. Vectors, shades and

contours are as in Figure 1.

Figure 4. Annual cycle and annual mean of surface fields: (a)-(c) GSWP-2 for the 1986-1995

period; (d)-(f) VIC for the 1979-1999 period: (a), (d) precipitation minus evaporation, P-E; (b), (e)

change in (surface-2m) soil moisture storage, S; and (c), (f) runoff, R. Vectors, shades and

contours are as in Figure 1.

Figure 5. Monthly climatology of the terrestrial water cycle over the Great Plains (100°-90°W, 35°-
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45°N) in mm day-1 for the 1979-2001 period. (a) Precipitation minus evaporation, P-E; (b) runoff,

R; ( c) change in (surface-2m) soil moisture (i.e., rate of storage of water), S; (d) terrestrial water

balance, P-E-R-S. NARR: black line with open circles; GSWP-2: green line with open squares; VIC:

red line with multiplication signs; ERA-40 blue line with open triangles; NCEP: purple line with filled

circles; JRA-25: orange line with diamonds; UNH/GRDC(observed R): long-dash black line with

plus signs; UNH/GRDC(composite R): short-dash black line with open triangles. Climatology for

the GSWP-2 and VIC data sets covers the 1986-1995 and 1979-1999 periods respectively.

Figure 6. Climatological winter (December-February) and summer (June-August) surface fields.

1979-2001 NARR, left panels (a), (c), (f), (h); 1979-1999 VIC, central panels (b), (d), (g), (i);

UNH/GRDC right panels (e), (j). Winter precipitation minus evaporation, P-E: (a), (b); winter runoff,

R: (c )-(e); summer P-E: (f), (g); summer R: (h)-(j). Shading indicates values larger than |±0.5| mm

day-1; positive/negative values are green/brown. Contours are 0.5 mm day-1, and the zero contour

line is omitted.

Figure 7. Annual cycle in the 5-member ensemble mean of CAM3.0 for the 1979-2000 period.

Annual cycle and annual mean of (a) precipitation minus evaporation, E; (b)  change in (surface-

2m) soil moisture storage, S; and (d) runoff, R. Vectors and shading represent the annual cycle

through the first harmonic while background isolines display the annual mean of the fields in mm

day-1; vectors, shades and contours are as in Figure 1. (d) Area-averaged monthly climatology of

the terrestrial water cycle over the Great Plains (100°-90°W, 35°-45°N): P-E: green line with open

circles; S: red line with multiplication signs; R: blue line with open squares; P-E-S-R: black line with

open triangles; vertical scale is the same as that in Figure 5.

Figure 8. Correlations between July’s Great Plains precipitation anomalies with April-July monthly

soil moisture anomalies for (a)-(d) NARR, 1979-2001 period, (e)-(h) VIC, 1979-1999 period, and

(i)-(l)  CAM3.0, 5-member ensemble mean, 1979-2000 period. Shading indicates values larger than

|±0.1|; positive/negative values are red/blue. Contours are 0.1, and the zero contour line is omitted.

The box over central US outlines the Great Plains region (100°-90° W, 35°-45° N).Significant

positive/negative correlations at the 0.05 level are enclosed by the thick blue/red lines. 
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Figure 1. Annual cycle and annual mean of surface fields in NARR for the 1979-2001 period: (a)
precipitation, P; (b) evaporation, E; (c) precipitation minus evaporation, P-E; (d) change in (surface-
2m) soil moisture storage, S; and (e) runoff, R. Vectors represent the annual cycle through the first
harmonic while background isolines display the annual mean of the fields in mm day-1. The insert
vectors to the right of the central panel indicate the scaling of the magnitude in mm day-1 and the
phase of the annual-cycle: vectors pointing to the south indicate a maximum on 1 January, pointing
toward the west means a maximum on 1 April, pointing to the north a maximum on 1 July, and
pointing to the east a maximum on 1 October. Only magnitudes of the annual cycle larger that 0.5
mm day-1 are displayed for all fields. Annual means are contoured at 1 mm day-1 for P, and E, while
it is 0.5 mm day-1 for P-E, S, and R; the zero contour line is omitted. Shading indicates annual
means equal or larger than 2 mm day-1 for P, and E, and |±0.5| mm day-1 for P-E, S, and R;
positive/negative values are green/brown.  The box over central US outlines the Great Plains region
(100°-90° W, 35°-45° N).
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Figure 2. Annual cycle and annual mean of runoff from the UNH/GRDC data set. (a) Observed
river discharge, (b) composite from observed river discharge and simulated runoff. Vectors, shades
and contours are as in Figure 1.
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Figure 3. Annual cycle and annual mean of surface fields: (a)-(c) ERA-40; (d)-(f) NCEP; and (g)-(i)
JRA-25 for the 1979-2001 period: (a), (d), (g) precipitation minus evaporation, P-E; (b), (e), (h)
change in (surface-2m) soil moisture storage, S; and (c), (f), (i) runoff, R. Vectors, shades and
contours are as in Figure 1.
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Figure 4. Annual cycle and annual mean of surface fields: (a)-(c) GSWP-2 for the 1986-1995
period; (d)-(f) VIC for the 1979-1999 period: (a), (d) precipitation minus evaporation, P-E; (b), (e)
change in (surface-2m) soil moisture storage, S; and (c), (f) runoff, R. Vectors, shades and
contours are as in Figure 1.
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Figure 5. Monthly climatology of the terrestrial water cycle over the Great Plains (100°-90°W, 35°-
45°N) in mm day-1 for the 1979-2001 period. (a) Precipitation minus evaporation, P-E; (b) runoff,
R; ( c) change in (surface-2m) soil moisture (i.e., rate of storage of water), S; (d) terrestrial water
balance, P-E-R-S. NARR: black line with open circles; GSWP-2: green line with open squares; VIC:
red line with multiplication signs; ERA-40 blue line with open triangles; NCEP: purple line with filled
circles; JRA-25: orange line with diamonds; UNH/GRDC(observed R): long-dash black line with
plus signs; UNH/GRDC(composite R): short-dash black line with open triangles. Climatology for
the GSWP-2 and VIC data sets covers the 1986-1995 and 1979-1999 periods respectively.
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Figure 6. Climatological winter (December-February) and summer (June-August) surface fields.
1979-2001 NARR, left panels (a), (c), (f), (h); 1979-1999 VIC, central panels (b), (d), (g), (i);
UNH/GRDC right panels (e), (j). Winter precipitation minus evaporation, P-E: (a), (b); winter runoff,
R: (c )-(e); summer P-E: (f), (g); summer R: (h)-(j). Shading indicates values larger than |±0.5| mm
day-1; positive/negative values are green/brown. Contours are 0.5 mm day-1, and the zero contour
line is omitted.
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Figure 7. Annual cycle in the 5-member ensemble mean of CAM3.0 for the 1979-2000 period.
Annual cycle and annual mean of (a) precipitation minus evaporation, E; (b)  change in (surface-
2m) soil moisture storage, S; and (d) runoff, R. Vectors and shading represent the annual cycle
through the first harmonic while background isolines display the annual mean of the fields in mm
day-1; vectors, shades and contours are as in Figure 1. (d) Area-averaged monthly climatology of
the terrestrial water cycle over the Great Plains (100°-90°W, 35°-45°N): P-E: green line with open
circles; S: red line with multiplication signs; R: blue line with open squares; P-E-S-R: black line with
open triangles; vertical scale is the same as that in Figure 5.
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Figure 8. Correlations between July’s Great Plains precipitation anomalies with April-July monthly
soil moisture anomalies for (a)-(d) NARR, 1979-2001 period, (e)-(h) VIC, 1979-1999 period, and
(i)-(l)  CAM3.0, 5-member ensemble mean, 1979-2000 period. Shading indicates values larger than
|±0.1|; positive/negative values are red/blue. Contours are 0.1, and the zero contour line is omitted.
The box over central US outlines the Great Plains region (100°-90° W, 35°-45° N). Significant
positive/negative correlations at the 0.05 level are enclosed by the thick blue/red lines. 


